We present a comparative study of the influence of the thickness on the strain behavior upon nanoscale patterning of ultrathin strained Si layers directly on oxide. The strained layers were grown on a SiGe virtual substrate and transferred onto a SiO 2 /Si substrate using wafer bonding and hydrogen ion induced exfoliation. The post-patterning strain was evaluated using UV micro-Raman spectroscopy for thin (20 nm) and thick (60 nm) nanostructures with lateral dimensions in the range of 80-400 nm. We found that about 40-50% of the initial strain is maintained in the 20 nm thick nanostructures, whereas this fraction drops significantly to ∼2-20% for the 60 nm thick ones. This phenomenon of free surface induced relaxation is described using detailed three-dimensional finite element simulations. The simulated strain 3D maps confirm the limited relaxation in thin nanostructures. This result has direct implications for the fabrication and manipulation of strained Si nanodevices.
Introduction
Novel or improved functionalities can be achieved by controlled manipulation of strain in semiconductor low dimensional systems. For instance, it is well established that strained semiconductor three-dimensional nanostructures exhibit atom-like behavior [1] , which makes them suitable for a wide range of applications in optoelectronics and quantum information [2] . Moreover, recent ab initio calculations have demonstrated that a confined generation of strain in one-dimensional nanostructures (e.g., Si nanowires) leads to a change in the structure of the energy bands, in such a way that holes and electrons can be separated into different regions of the nanostructure [3] . The exploitation of this phenomenon may lead to the realization of novel photovoltaics without the need for doping. Besides these future potential applications, strained Si is currently used in electronic devices 3 Author to whom any correspondence should be addressed.
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as a performance booster for extending Moore's law [4] . Indeed, since the 65 nm technology node, strain has been used to improve the carrier transport in Si-based CMOS devices. It was demonstrated that the introduction of a compressive and/or tensile strain in the Si channel can improve the mobility of holes and electrons and, consequently, increase the n-and p-MOSFET drive currents [5, 6] .
Compressive strain is usually introduced by a shallow trench isolation toward channels, longitudinally and laterally [7] . For inducing tensile strain in the channel, SiGe virtual substrates [8] , tensile films [9] , and mechanical forces [10, 11] are among the widely used methods. In this case, the strain is generated locally during transistor processing. This approach, known as a local strain process, utilizes SiGe deposition on specific active regions beside the channel. The strains induced in this case are typically uniaxial. However, with the technology scaling, the efficiency of this local strain tends to drop [12] . An alternative method is to build transistors directly from a strained Si material. For this approach, known as a global strain process, the materials engineering is as critical as the device design. The global strain can be generated on the wafer level by the growth of ultrathin Si layers on a relaxed SiGe virtual substrate. In this case, the induced tensile strain is biaxial and its magnitude depends on the content of Ge in the virtual substrate. The biaxial tensile strain breaks both the sixfold degeneracy in the ellipsoidal valley of the conduction band and the degeneracy between heavy and light hole bands [13] . This translates into a reduction of the intervalley scatterings in the conduction band and the electron effective transport mass, which leads to an enhancement in the electron mobility [14] . However, the presence of the SiGe layer was found to cause several complications in the final device such as high leakage current, Ge diffusion, and enhanced ntype dopant diffusion. The obvious remedy to these problems would be the elimination of the SiGe layer. This can be accomplished by using ultrathin strained Si layers directly on a SiO 2 /Si substrate (i.e., the SiO 2 layer is sandwiched between a strained Si layer and the Si substrate) [15, 16] . This novel SiGe-free structure combines the advantages of Si-on-insulator technology [17] with the benefits of strained Si. Thus, there is strong motivation to fabricate and understand the fundamental properties of ultrathin strained Si layers directly on insulators.
The integration of SiGe-free strained Si ultrathin layers in the device fabrication raises fundamental questions about the strain behavior during the different steps of the device processing. In a pioneering work, Drake et al investigated the influence of rapid thermal annealing on the biaxial tensile strain in a ∼13 nm thick strained Si layer directly on oxide fabricated by a wafer bonding and etch-back method [18] . In that work, the authors have concluded that the strain does not change even after annealing at a temperature as high as 950
• C. In addition to thermal annealing, ion implantation and nanoscale patterning are also critical in the device processing. Recently, Baudot et al studied the strain behavior in patterned and implanted strained Si lines directly on oxide [19] . By using grazing incidence x-ray diffraction, they observed an important relaxation along the small direction for narrow (∼60 nm) and relatively thick strained lines. Earlier, Lei et al had shown that the geometry of the patterned strained Si nanostructures impacts significantly the relaxation process [20] . In that work, a large fraction of the strain was maintained in 90 nm wide stripes, whereas 80 nm × 170 nm nanopillars were found to be fully relaxed. Recently, we presented a detailed description of the evolution and redistribution of the strain upon nanoscale patterning. We quantified the post-patterning strain in structures with lateral dimensions in the range of 80-400 nm [21] . We found that, for an initial biaxial tensile strain of ∼0.6%, a lateral dimension of 80 nm coincides with an almost full relaxation of the strain in 60 nm thick nanostructures. In this work, we extend our study to a thinner layer and present a detailed comparative study of the strain behavior in nanoscale patterned thick (60 nm) and thin (20 nm) strained Si layers directly on oxide. The evolution of the strain upon patterning of these two systems is investigated experimentally by UV micro-Raman spectroscopy and analytically using detailed three-dimensional finite element simulations. 
Experimental details
The strained Si layers on insulators used in this study were fabricated by using wafer bonding and a thin layer transfer method [16, 23] . Figure 1 displays a schematic illustration of the different steps of the fabrication process. The strain was generated by the heteroepitaxial growth of a Si thin film on a relatively thin (∼500 nm) Si 1−x Ge x buffer layer (x ∼ 0.16), which was relaxed by helium ion implantation and thermal annealing [22] . Both the strained and buffer layers were grown using chemical vapor deposition. After the growth, the heterostructure obtained was subjected to hydrogen ion implantation under ion-cut optimal conditions. The implanted wafer was then bonded onto a handle wafer consisting of a Si substrate with a ∼200 nm thick SiO 2 layer on the top deposited in a plasma-enhanced chemical vapor reactor. Thermal annealing at an intermediate temperature (∼500
• C) induces sub-surface microcracking, which leads to exfoliation around the implantation depth provided that the bonded interface is stable enough. A strained Si thin layer on an insulator is obtained after the removal of the residual Si 1−x Ge x buffer layer. The initial thickness of the strained layer is usually in the range of 10-30 nm. Thicker layers can be obtained by additional homoepitaxy. Extended (400 × 400 μm 2 ) ordered arrays of rectangular nanostructures with a lateral dimension in the range of 80-400 nm, separated by about 250 or 500 nm, were patterned on a negative resist using electron-beam lithography. Reactive ion etching (RIE) was applied to transfer the pattern to the strained layer, leading to ordered arrays of rectangular strained Si nanostructures directly on SiO 2 . The patterned islands are aligned along the 110 direction. The RIE process was performed at a pressure of 6 mTorr using a mixture of SF 6 (100 sccm) and O 2 (5 sccm) with a rate of ∼2 nm s −1 . UV micro-Raman spectroscopy was employed to characterize the strain states in different samples before and after patterning. The measurements were performed in backscattering geometry using a LabRam HR800 UV spectrometer with a 325 nm He-Cd laser line corresponding to a penetration depth of ∼10 nm in Si. The laser beam is focused by a low numerical aperture (NA) UV 40× objective lens. The laser spot at the surface of the sample has a diameter of ∼800 nm. About one to two nanostructures are exposed to the laser beam during the analysis under this configuration. To avoid local heating effects, the laser power was kept below 2 mW. The backscattered Raman light is diffracted by a 2400 g mm −1 grating and detected by a thermoelectrically cooled CCD camera. The spectral distance between adjacent channels is ∼0.5 cm −1 . This setup enables the determination of the Raman shift with an accuracy of 0.1 cm −1 , allowing the detection of faint changes in Si-Si phonon wavenumbers. The He-Cd plasma line at 854.7 cm −1 was used for the calibration of Raman spectra. Some of the samples were also analyzed using a high spatial resolution UV Raman system. For these measurements a beam from a 355 nm CW laser is introduced into an inverted optical microscope (NIKON, TE2000) and focused by a high NA UV objective lens. The strained nanostructures are directly immersed in an oil of high refractive index. This configuration gives a laser spot at the surface ∼200 nm in diameter and a spectral resolution of 0.1 cm −1 . The backscattered Raman signal is collected by the same objective lens and detected by a UV spectrometer equipped with a liquid nitrogen cooled CCD camera.
The morphology and structural properties of the strained ultrathin layers and patterned nanostructures were investigated using cross-sectional transmission electron microscopy (XTEM) and scanning electron microscopy (SEM). For TEM investigations, we combined high resolution (HRX-TEM) and selected-area electron diffraction (SATED) methods. The analysis was carried out using a Philips CM 20 FEG (field emission gun) microscope operating at 200 keV with a point to point resolution of 0.24 nm. TEM specimens were prepared using focused ion beams (FEI Dualbeam Nanolab 600). SEM investigations were carried out with the same instrument. 
Results and discussion
Figures 2 and 3 display TEM data obtained for ∼20 nm and ∼60 nm thick strained Si layers directly on oxide, respectively. For the two samples, medium magnification TEM images indicate that the strained layers have a uniform thickness and high resolution images show that they do not contain any dislocations or other kinds of defects. The crystalline quality of the layers is also demonstrated by the electron diffraction patterns. By applying peak-pair analysis [24] , we found that the layers are strained in the in-plane directions and fully relaxed in the out-of-plane direction. This confirms that the layers remain biaxially strained during the different post-growth steps (figure 1). The value of the biaxial strain is estimated from the Si-Si phonons measured by UV microRaman spectroscopy using 11 , and s 12 for Si are given in [25] and [26] . For the two strained layers, the tensile strain induces a decrease in the SiSi phonon frequency. The measured Si-Si Raman peak was found to be centered around 516 about 4.8 cm −1 below its position for bulk Si, corresponding to a biaxial tensile strain of ε xx = ε yy = 0.6%.
To investigate the strain behavior upon nanopatterning, three sets of nanostructures with dimensions of 120 nm × 400 nm, 120 nm × 200 nm and 80 nm × 200 nm were prepared using the two strained layers. Figure 4 shows SEM and XTEM images of these patterned nanostructures. To analyze these structures using UV micro-Raman spectroscopy, it is important to note that the SiO 2 layer is transparent to the UV laser, which reaches the underlying Si substrate. This is a source of background in the collected spectra, which should be taken into account during the analysis. The intensity of the intrinsic Si-Si Raman mode corresponding to a given nanostructure can be expressed as follows: F Norm is the normalization factor which corresponds to the normalized inter-structure area (i.e.,
Si−Si represents the normalized background). This procedure is valid only for low NA where the assumption that the polarization of the light within the focus does not change remains correct. For objectives with a much higher NA, the change in the polarization becomes very important and affects the intensity of the underlying substrate. Therefore, an accurate fit of the collected spectra is necessary to extract the Si-Si intrinsic peak for the nanostructures investigated.
The Si-Si Raman modes of 120 nm × 400 nm, 120 nm × 200 nm and 80 nm×200 nm structures are shown in figures 5, 6 and 7, respectively. For comparison, the Si-Si peak positions for the initial strained layers and for bulk Si are indicated by the vertical broken lines. We note that independently of the thickness or size, all the peaks are shifted up with respect to the initial peak position in the strained layers. However, the extent of this post-patterning upshift appears to be sensitive to the size and the thickness. For example, the measured average Si-Si peak position for the 20 nm thick 120 nm × 400 nm structures is 518.40 cm −1 , whereas the peak is centered around 519.95 cm −1 for the 60 nm thick structures with the identical lateral dimensions. Additionally, at a fixed thickness, the Si-Si Raman mode seems to shift to higher wavenumbers by decreasing the dimensions of the probed structures. This behavior appears to be less pronounced for thinner nanostructures. These observations demonstrate that the patterning process induces a relaxation of the tensile strain. Due to the rectangular shape, the residual strain in rectangular nanostructures is no longer bi-isotropic (i.e., the strains in the two in-plane directions, ε xx and ε yy , are different). In the backscattering geometry, Raman selection rules forbid the detection of TO phonons. Therefore, only the sum of the inplane strains can be obtained from (1) . The estimated values of Figure 9 . 3D FE simulations of the equivalent strain distribution within the 20 nm thick nanostructures. The corresponding cross-section views at the edge of the strained Si/SiO 2 interface are also shown. Note that some of the highly strained regions are off scale and appear gray in the maps. The scale bars denote 20 nm. Table 1 . The estimated in-plane strain and the corresponding relaxation ratio for the patterned nanostructures investigated in this study. The data for 60 nm thick structures were obtained from [21] . the post-patterning in-plane strains for different structures are shown in table 1 together with the corresponding relaxation ratios. We note that about 40-50% of the initial strain is maintained in the 20 nm thick nanostructures, whereas this fraction drops significantly to ∼2-20% for the 60 nm thick ones. The origin of the observed relaxation is attributed to the formation of free surfaces during the patterning process. This edge induced strain relaxation has been the subject of intensive analytical and experimental investigations since the 1970s (see, e.g., [27] ). Analogously to the observations made for compressively strained structures [25, 28, 29] , figure 8 illustrates three different mechanisms of the relaxation of a tensile strained patterned structure: (a) the edges move inwards without any distortion of the substrate [28, 29] ; (b) the edges of the strained nanostructure move inwards and drag the underlying substrate along with them [27] ; and (c) the edges bend up and the central region bends down, making the island concave [25] . For nanoscale-sized structures, surface stress induced by the atomic rearrangement at the patterning induced free surfaces can also affect the strain state. However, the contribution of the surface reconstruction can only be significant for dimensions in the order of a few nanometers [30] . Therefore, it is reasonable to omit these surface effects for the structures investigated in this study.
In order to gain more insight into the complexity of the relaxation phenomenon, we performed detailed threedimensional (3D) finite element (FE) simulations using the program Ansys 11.0 [21] . The simulations were performed in two steps using a reduced quarter-model consisting of 3D 20-node elements with quadratic displacement behavior. The material properties of the strained Si and the underlying SiO 2 were assumed to be anisotropic and isotropic, respectively. Both materials are linearly elastic in the calculations. In a first step, an initial strain of 0.6%, corresponding to the initial experimental value, was applied to the patterned nanostructures via a virtual biaxial thermal expansion of Si. In order to avoid relaxation in the first step, the edges of the structures were fixed with rigid boundary conditions. SiO 2 was initially considered under stress to match the characteristic of PEVCD-grown oxide used in this work. The relaxation phenomenon was then simulated by removing the boundary conditions in the second step. The simulated equivalent strain 3D maps for the 20 nm and 60 nm thick nanostructures are shown in figures 9 and 10, respectively. The corresponding maps at the edge of strained Si/SiO 2 interface are also shown. Note that all the maps in both figures have the same strain scale to allow easy comparison. In qualitative agreement with Raman data (table 1), it is noticeable that the simulated residual strain is higher in 20 nm thick structures than in their 60 nm thick counterparts. This also agrees well with the recent x-ray analysis demonstrating a higher residual strain in thin strained Si lines compared to thicker ones [19] . For all structures, however, the upper corners appear to be fully relaxed. By shrinking the size of the thin structures, the relaxation becomes more pronounced at the edges along the short dimension. Another common observation for all structures is the highly strained corners at the strained Si/SiO 2 interface. Also, we note that the underlying oxide becomes remarkably distorted upon patterning. As expected, the residual in-plane strain is not bi-isotropic and the highest strain anisotropy is observed in the structures with the highest length to width ratio (i.e., 120 nm × 400 nm).
The fact that nanoscale patterning leads to an important relaxation appears at first as an additional difficulty as regards the integration of ultrathin strained Si on insulators in the fabrication of strained Si nanodevices. However, our observations suggest that, by a proper manipulation of the material properties, the phenomenon of edge induced relaxation can be advantageous. First, we found that a substantial amount of the strain is maintained in the thinner structures. Therefore, thin layers should be used in the device fabrication and design to benefit from the strain induced mobility enhancement. Additionally, the mechanical properties of the underlying oxide layer appear to also be critical in the relaxation process. Thus, it is plausible to control the amount of the residual strain by tuning the oxide mechanical properties by adjusting its stoichiometry [31] . Moreover, the observed anisotropy in the relaxation, due to the Poisson effect [32] by which the contraction along the long dimension can stretch the lattice along the short dimension, can be exploited to obtain novel strain engineered nanostructures such as uniaxial strain Si nanowires [33] . Finally, we found that the higher the length to width ratio, the higher the difference in strain between the center and the edges of the structures. If it can be properly controlled, this strong contrast of the strain within the same nanostructure might be pertinent for the recently proposed charge separation Si nanodevice [3] .
Conclusion
We investigated the influence of the size and thickness on the strain behavior upon nanoscale patterning of ultrathin strained Si layers directly on oxide. UV micro-Raman spectroscopy was employed to evaluate the strain in thin (20 nm) and thick (60 nm) nanostructures with lateral dimensions in the range of 80-400 nm. We found that about 40-50% of the initial strain is maintained in the 20 nm thick nanostructures. This fraction drops significantly to ∼2-20% for the 60 nm thick ones. This phenomenon of free surface induced relaxation is described using detailed three-dimensional finite element simulations. The simulated strain 3D maps confirm the limited relaxation in thin nanostructures. This result has direct implications for the fabrication and manipulation of strained Si nanodevices.
